Study Design: Retrospective, radiological study.
Introduction
The widespread use of magnetic resonance imaging (MRI) has led to an increase in the discovery of asymptomatic tumors of the cauda equina. Gradual tumor enlargement can cause lumbar canal stenosis, and compression of the cauda equina may lead to neurological damage, thus leading to the development of various symptoms [1] . In general, tumor resection is considered for patients with abnormal neurological findings or progressive symptoms, but precise indications for surgical treatment are not yet clearly established [2] . Because little is known about the relationship between tumor size and clinical symptoms [1] , the objective of this study was to determine the relationship between the extent of tumor occupation of the spinal canal and the presence of clinical symptoms in patients with cauda equina schwannoma.
Materials and Methods

Subjects
We retrospectively analyzed radiological findings from 22 patients (9 men and 13 women; 19 to 79 years old; mean age, 55.3 years) who were radiologically diagnosed with schwannomas in the cauda equina between April 2004 and July 2014. Exclusion criteria were as follows: tumor at or above the conus medullaris, neurofibroma and von Recklinghausen's disease, dumbbell tumor, and other extradural lesions that may affect the symptoms of the patients. Informed consent was obtained from all patients before their participation in this study.
Radiological measurements
We analyzed axial and sagittal MRI slices (T1-weighted enhanced images or T2-weighted images) in which the cross-sectional area of the tumor was the largest, as shown in Figs. 1 and 2 . The percentage of tumor occupation (PTO) in each slice was calculated using Image J software (National Institutes of Health, Bethesda, MD, USA). In sagittal slices, tangents to the cranial and caudal ends of the tumor were drawn perpendicular to the spinal body, as shown in Fig. 2 . The cross-sectional area of the spinal canal (area T) and the sectional area of the tumor (area C) were measured, and PTO was calculated as area T/area C×100.
Whether or not the tumor made contact with the intervertebral discs was also investigated.
Clinical evaluation
Data regarding the clinical symptoms and results of physical examinations were retrospectively collected from patients' medical records. Tumor-associated symptoms included lower back pain, muscle weakness or sensory disturbance in the lower extremities, bowel or bladder disturbances, night back or leg pain, Déjèrine symptoms, and positive results of the straight leg raise test (SLRT), , and the inner line shows the cross-sectional area of the tumor (area T). The pixel count of each area was measured using Image J software, and PTO was calculated as area T/area C×100.
Fig. 2.
Measurements and calculations of percentage of tumor occupation (PTO) in a sagittal magnetic resonance imaging slice. The outer line shows the cross-sectional area of the spinal canal (area C), and the inner line shows the cross-sectional area of the tumor (area T). The pixel count of each area was measured using Image J software, and PTO was calculated as area T/area C×100.
femoral nerve stretching test, and the Kemp test. We divided the patients into 2 groups: a symptomatic tumor group and an asymptomatic tumor group. Patients exhibiting symptoms obviously not related to their tumors were classified into the asymptomatic tumor group.
Statistical Analysis
A Mann-Whitney U test was used to analyze the differences in PTO measurements between the symptom-positive and -negative groups for each clinical variable. p<0.05 was considered significant. 
Results
Tumor location and frequencies of occurrence in our sample were as follows: L2 position in 4 cases, L2-3 in 5 cases, L3 in 3 cases, L3-4 in 4 cases, L4 in 3 cases, L4-5 in 1 case, L5 in 1 case, and S2 in 1 case. Tumors made contact with intervertebral discs in 8 cases. PTO values (in percentages) are shown in Table 1 and Fig. 3 . In the 4 cases comprising the asymptomatic tumor group (in which tumor presence was not related to clinical symptoms), PTO was 5%-10% (mean, 9%) in axial slices and 23%-31% (mean, 30%) in sagittal slices. In the 18 cases included in the symptomatic tumor group (in which tumor presence was associated with clinical symptoms), PTO was 11%-86% (mean, 50%) in axial slices and 43%-88% (mean, 71%) in sagittal slices.
Relationship between PTO and clinical symptoms
PTO in axial slices was significantly higher in the presence of Déjèrine symptoms, and PTO in sagittal slices was significantly higher in the presence of muscle weakness, a positive SLRT, and a positive Kemp sign (Table 1) .
Relationship between clinical symptoms and tumor contact with an intervertebral disc
The presence or absence of tumor contact with intervertebral discs bore no significant relationship with any clinical symptom.
Discussion
A number of studies have analyzed cross-sectional areas of intracanal-occupying lesions, such as lumbar disc herniation, burst fracture, ligamentum flavum, and ossification of the posterior longitudinal ligament [3] [4] [5] [6] . Some authors have reported a correlation of clinical symptoms with both the cross-sectional area of the dural sac and the extent of lumbar canal stenosis [7] [8] [9] [10] [11] [12] [13] . However, little is known about the relationship between the clinical symptoms and PTO of cauda equina schwannoma in the lumbar spinal canal [1] . To our knowledge, this is the first study describing a correlation between PTO of cauda equina schwannomas and the associated clinical symptoms. Our results suggest that PTO values of >20% in axial slices and >40% in sagittal slices can be indices of symptomatic schwannomas. Furthermore, PTO >70% in a sagittal slice can be a rough indicator of the presence of neurological deficit or severe symptoms, such as muscle weakness, a positive SLRT, or a positive Kemp test result. These indices can be used in some clinical situations. First, when PTO is smaller than these indices, we should consider other origins for the patients' symptoms. Second, in cases of asymptomatic cauda equina schwannomas, it can sometimes be very difficult for the patient and doctor to decide the timing of surgical treatment; in these situations, these indices may be useful for clinical planning with regard to determining the follow-up intervals and operative indications. Additional longitudinal studies may reveal the natural progression of tumor enlargement and its association with clinical symptoms.
In general, the cross-sectional area of the spinal canal is narrowest at the level of the intervertebral disc. Therefore, we hypothesized that tumor contact with the intervertebral disc may affect clinical symptoms [14] . Contrary to our hypothesis, the presence or absence of tumor contact with the intervertebral disc had no significant relationship with any clinical symptom. However, since our study 
Symptomatic
Asymptomatic included a small number of cases, further analyses in a larger number of patients will be necessary to confirm this. Furthermore, because cauda equina schwannomas may move craniocaudally, we should consider the influence of tumor mobility in the dural sac [4, [15] [16] [17] [18] [19] . Hence, further investigation examining tumor mobility is needed.
Some reports have described dynamic changes in the lumbar dural sac [20] [21] [22] [23] [24] . Kanbara et al. [21] reported that bulging of the ligamentum flavum had 50%-85% contribution to spinal canal narrowing. Thus, bulging of intervertebral discs is expected to contribute to spinal canal narrowing under loading conditions by approximately 15%-50%. In the present study, we did not examine dynamic factors of the lumbar spinal canal; however, we intend to address this in future studies.
Another concern is the origin of tumors and preoperative or postoperative clinical symptoms. Tumors originating from the ventral nerve root seem to present motordominant symptoms, while those originating from the dorsal nerve root seem to present sensory-dominant symptoms. In this study, we did not examine intraoperative findings (i.e., tumors' origins) or postoperative clinical findings. Further analyses that include these findings are warranted.
Another limitation of this study is that we did not consider the shape or hardness of the tumors or deviations in the spinal canal [4, [25] [26] [27] . Age, the existence of congenital/degenerative spinal canal stenosis, and vertebral disc pathologies are also important factors that may strongly affect clinical symptoms [9, 13, 22, 23] . Tsuji et al. reported that conical herniated discs caused more pain than round herniated discs [25] . Tomita et al. [26] reported that a herniated disc located more laterally caused more pain than a more medially located disc. By contrast, a medially localized herniated disc with a large PTO in its axial slice is likely to indicate bowel and bladder dysfunction [11, 27] . Although only schwannoma cases were included in this study, it is likely that tumor density and hardness varied between individual cases. Therefore, three-dimensional tumor shape, hardness, and deviation should be determined in future studies. With regard to age and existence of congenital/degenerative spinal canal stenosis, future studies with a larger number of subjects are warranted to reveal the relationships among age, congenital/degenerative spinal canal stenosis, radiological measurements of tumors, and clinical symptoms.
Conclusions
PTO >20% in axial slices and >40% in sagittal slices can be an indication of symptomatic cauda equina schwannomas. Our results suggest that PTO calculated by MRI in axial and sagittal slices can be used to predict the development of clinical symptoms in patients with schwannomas of the cauda equina.
